HIV infection of the CNS is an early event after primary infection, resulting in neurological complications in a significant number of individuals despite antiretroviral therapy (ART). The main cells infected with HIV within the CNS are macrophages/microglia and a small fraction of astrocytes. The role of these few infected astrocytes in the pathogenesis of neuroAIDS has not been examined extensively. Here, we demonstrate that few HIV-infected astrocytes (4.7 Ϯ 2.8% in vitro and 8.2 Ϯ 3.9% in vivo) compromise blood-brain barrier (BBB) integrity. This BBB disruption is due to endothelial apoptosis, misguided astrocyte end feet, and dysregulation of lipoxygenase/cyclooxygenase, BK Ca channels, and ATP receptor activation within astrocytes. All of these alterations in BBB integrity induced by a few HIV-infected astrocytes were gap junction dependent, as blocking these channels protected the BBB from HIV-infected astrocytemediated compromise. We also demonstrated apoptosis in vivo of BBB cells in contact with infected astrocytes using brain tissue sections from simian immunodeficiency virus-infected macaques as a model of neuroAIDS, suggesting an important role for these few infected astrocytes in the CNS damage seen with HIV infection. Our findings describe a novel mechanism of bystander BBB toxicity mediated by low numbers of HIV-infected astrocytes and amplified by gap junctions. This mechanism of toxicity contributes to understanding how CNS damage is spread even in the current ART era and how minimal or controlled HIV infection still results in cognitive impairment in a large population of infected individuals.
Introduction
Human immunodeficiency virus type 1 (HIV) invades the CNS early after primary infection and causes HIV-associated neurological disorders in 40 -60% of infected individuals even in the current antiretroviral therapy era (Anthony et al., 2005) . In vivo, microglial cells and perivascular macrophages are the predominant cell types productively infected by HIV (Wiley et al., 1986; Cosenza et al., 2002) . However, a small population of HIVinfected astrocytes has been detected using diverse techniques both in vivo and in vitro (Wiley et al., 1986; Conant et al., 1994; Nuovo et al., 1994; Tornatore et al., 1994b; Bagasra et al., 1996; Takahashi et al., 1996; Ohagen et al., 1999; Eugenin and Berman, 2007; Churchill et al., 2009) . The importance of these few infected astrocytes in the pathogenesis of neuroAIDS has not been examined extensively. Our group demonstrated that, although only few astrocytes become infected in vitro (4.7 Ϯ 2.8% of the total astrocytes in the culture) and HIV production is extremely low or undetectable, gap junction (GJ) channels amplify and spread toxic signals to uninfected cells in culture (Eugenin and Berman, 2007) . We now demonstrate that these few HIV-infected astrocytes, with no detectable viral production, cause dramatic alterations in blood-brain barrier (BBB) physiology in vitro. We detected similar toxic effects on the BBB in vivo, using brain tissue sections obtained from simian immunodeficiency virus (SIV)-infected macaques.
The BBB is composed of highly specialized microvascular endothelial cells on top of an extracellular matrix, the basal lamina. Astrocyte end feet contact the basal lamina and are close to the endothelial cells as well as accessory cells including pericytes, perivascular macrophages, and microglia (Abbott, 2002; Ballabh et al., 2004) . Astrocytes and their end feet processes surround the brain capillaries, providing factors important in the development and maintenance of the BBB (Goldstein, 1988; Risau and Wolburg, 1990; Risau, 1991; Hayashi et al., 1997) . Astrocytes and their end feet regulate BBB physiology by soluble factors (Rubin and Staddon, 1999; Hawkins and Davis, 2005; Iadecola and Nedergaard, 2007) , and by direct intercellular communication through GJ channels, and perhaps by connexin/pannexin hemichannels on the surface of the cells that connect the cytoplasm and the extracellular environment. GJs are conglomerates of channels that enable the exchange of small molecules up to 1.2 kDa between the cytoplasm of adjacent cells (Saez et al., 2003) .
Each channel is formed by the docking of two hemichannels, located in apposing cell membranes, and each hemichannel is an assembly of six connexins (Cxs). In pathological conditions including inflammation and viral infections, GJ communication is reduced (Danave et al., 1994; Faccini et al., 1996; Rouach et al., 2002; Kielian and Esen, 2004; Knabb et al., 2007) . However, HIV infection of astrocytes maintains expression of Cx43 and functional GJ communication allowing the spread of toxic signals generated from the few infected astrocytes to neighboring uninfected astrocytes (Eugenin and Berman, 2007) . We now demonstrate that these few infected astrocytes have profound effects, through a GJ-dependent mechanism, on BBB integrity by dysregulating endothelial survival, the stability of astrocyte end feet, and their signaling.
Materials and Methods
Materials. DMEM, FBS, and trypsin-EDTA were from Invitrogen. Antibodies to glial fibrillary acidic protein (GFAP), von Willebrand factor (vWF), and Cy3-or FITC-conjugated anti-rabbit IgG and Cy3 or FITC anti-mouse IgG antibodies were from Sigma-Aldrich. Purified mouse IgG 2B and IgG 1 myeloma proteins were from Cappel Pharmaceuticals, and nonimmune sera was from Santa Cruz Biotechnology. HIV-p24 monoclonal antibody was from Abcam. SIVmac251-gp41 (KK41) antibody was from the NIH repository (Bethesda, MD). In situ cell death detection kit [terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL)] was from Roche. Arachidonic acid (AA) (10 M), Tocrisolve 100 (to dissolve AA), baicalein (5 M), paxilline (1 M), indomethacin (10 M), and ATP (1 M) were from Tocris Bioscience.
Human astrocyte cultures. Cortical human fetal tissue was obtained as part of an ongoing research protocol approved by the Albert Einstein College of Medicine. The preparation of astrocyte cultures was performed as previously described Berman, 2003, 2007; .
Human brain microvascular endothelial cells. Primary human brain microvascular endothelial cells (BMVECs) (Applied Cell Biology Research Institute, Kirkland, WA) were grown in M199 media supplemented with 20% heat-inactivated newborn calf serum (Invitrogen), 5% heat-inactivated human serum type AB (Lonza), 1% penicillin-streptomycin (Invitrogen), 0.8% L-glutamine (Invitrogen), 0.1% heparin (Sigma-Aldrich), 0.1% ascorbic acid (Sigma-Aldrich), 0.25% endothelial cell growth supplement (Sigma-Aldrich), and 0.06% bovine brain extract (Clonetics).
HIV infection of primary cultures of astrocytes. Confluent cultures of human astrocytes (passages 2 and 3) were infected by incubation with HIV ADA (20 -50 ng/ml HIV-p24), using a previously described protocol (Ohagen et al., 1999; Eugenin and Berman, 2007) . Briefly, astrocyte cultures were exposed to virus for 24 h, medium was removed, and astrocytes were washed extensively to eliminate the unbound virus before addition of fresh medium. Immunofluorescence analyses for GFAP (an astrocyte marker), CD68 or isolectin-B4 (a microglia/macrophage marker), and HIV-p24 were used to identify the presence of virus in GFAP-positive cells and to demonstrate no contamination with CD68-positive microglia.
BBB model. This in vitro BBB model consists of primary human BMVECs and primary astrocytes (uninfected or HIV infected for 3 d) in coculture on opposite sides of a gelatin-coated, 3 m pore-size tissue culture insert (Falcon; BD Biosciences Discovery Labware) as we previously described (Hurwitz et al., 1993 (Hurwitz et al., , 1994 Weiss et al., 1998; Berman, 2003, 2007) . This model exhibits EC expression of BBB markers. Cocultures were maintained for 3 d to enable contact between astrocyte end feet with BMVECs on the opposite side of the model as described previously .
Immunofluorescence and apoptosis assays. Tissue sections, BBB inserts, and primary cultures of human astrocytes were fixed and permeabilized in 70% ethanol for 20 min at Ϫ20°C. Tissue sections and BBB cocultures, endothelial cells, and astrocytes, the top or bottom of the inserts, respectively, were incubated in TUNEL reaction mixture at 37°C for 1 h, washed three times in PBS, and incubated in blocking solution (5 mM EDTA, 1% fish gelatin, 1% essentially Ig-free BSA, 2% human serum, and 2% horse serum) for 30 min at room temperature. Tissue sections, BBB inserts, or cells were incubated in the proper diluted primary antibody (anti-vWF or anti-GFAP; 1:100 and 1:600) overnight at 4°C. Samples were washed several times with PBS at room temperature and incubated with the appropriate secondary antibodies conjugated to FITC or Cy3 for 1 h at room temperature, followed by another wash in PBS for 1 h. Tissue sections, BBB inserts, or cells were then mounted using antifade reagent with DAPI, and the cells were examined by confocal microscopy. Antibody specificity was confirmed by replacing the primary antibody with a nonspecific myeloma protein of the same isotype or nonimmune serum. The percentage of apoptotic astrocytes or BMVECs was determined by double immunofluorescence staining for TUNEL and GFAP or vWF using confocal microscopy. In the tissue sections and BBB inserts, the total numbers of astrocytes or BMVECs, as well as the number of cells that were TUNEL positive in 10 fields per coverslip or BBB insert were counted, and the data were expressed as percentage apoptotic astrocytes or BMVECs.
SIV infection studies using macaques. Juvenile male pig-tailed macaques (Macaca nemestrina), aged 2-3 years, were inoculated intravenously with SIV/17E-Fr [10,000 tissue culture infectious doses (TCID 50 )] and 50 AID 50 of SIV/DeltaB670. SIV/17E-Fr is a macrophagetropic and neurovirulent recombinant strain derived from SIVmac239 by substituting the entire env and nef genes as well as the 3Ј long terminal repeats of SIVmac239 with those from SIV/17E-Br, a virus derived from SIVmac239 by serial passage in rhesus macaques and subsequent isolation from the brain of a macaque with fulminant encephalitis Mankowski et al., 1997) . This SIV-infected macaque model follows an accelerated course: briefly, acute infection peaks 10 d after inoculation, there is a decrease in viral load in both the plasma (ϳ1 log) and CSF (ϳ1-2 logs) at 14 -18 d after inoculation, and AIDS develops in all macaques by 84 d after inoculation when Ͼ90% of the infected macaques exhibit pulmonary and CNS lesions (Mankowski et al., , 2004 Zink et al., 1999 Zink et al., , 2001 Babas et al., 2001 ). The animals were killed at 4 -84 d after inoculation. Before necropsy, animals were perfused with PBS to remove virus-containing blood from the tissues as described previously (Fox et al., 2000) . Two to 3 animals per time point (4, 21, 56, and 84 d after inoculation) were examined, as well as uninfected controls. Regardless of experimental group, macaques were killed once they reached any two of the following five criteria for killing: (1) weight loss of Ͼ15%, (2) CD4 ϩ cell counts Ͻ5% of baseline level, (3) clinical signs of neurological disease, (4) intractable diarrhea, or (5) opportunistic infection.
Immunofluorescent labeling and analysis of CNS macaque tissue samples. Postmortem macaque brain tissue sections from cortex and cortexwhite matter transition areas were obtained from uninfected controls, and SIV-infected cases at 4, 21, 56, and 84 d after infection were analyzed by four color immunohistochemical staining for TUNEL (apoptosis staining), DAPI (nuclei staining), SIV-p41 (SIV viral protein), and GFAP (an astrocyte marker). Three sections per CNS region and per time point were examined for each animal. Tissue sections (10 m) were deparaffinized, and antigen retrieval was performed before TUNEL staining. After TUNEL staining and extensive washes, slices were blocked (5 mM EDTA, 1% fish gelatin, 1% essentially Ig-free BSA, 2% human serum, and 2% horse serum) for 60 min at room temperature and then incubated with anti-SIV-p41 (SIV viral protein) and GFAP (an astrocyte marker) overnight at 4°C. The sections were washed with PBS and incubated with secondary antibodies for 1 h at room temperature, followed by serial washes in PBS for 1 h. Samples were then mounted using Prolong Gold antifade reagent (Invitrogen) and examined by confocal microscopy. Specificity was confirmed by replacing the primary antibody with the appropriate isotype-matched control reagent, anti-IgG 2A , or the IgG fraction of normal rabbit serum (Santa Cruz Biotechnology).
Permeability analysis of BBB model. After 3 d, cocultures of BMVECs with uninfected or HIV-infected cultures of astrocytes were analyzed for BBB integrity using a permeability assay with Evans blue dye coupled to albumin as described previously .
ELISA. HIV-p24 concentrations were determined by ELISA using a kit from PerkinElmer following manufacturer's instructions.
Statistical analysis. Student's one-tailed, paired t test was used. A value of p Ͻ 0.05 was considered significant.
Results
Astrocytes are an integral part of the structure and function of the BBB The BBB is a dynamic barrier composed mainly of BMVECs and astrocyte "end feet" in contact with the endothelium to transduce signals from the CNS into the vessels, as well as from the blood into the brain. This helps to regulate adequate blood flow (Rubin and Staddon, 1999; Abbott, 2002; Iadecola and Nedergaard, 2007; Girouard et al., 2010) . These close astrocyte-BMVEC interactions can be observed in human brain tissue sections stained for vWF (an endothelial cell marker) ( Fig. 1 A) and GFAP (an astrocyte marker) ( Fig. 1 B, arrows) . The staining of human brain tissue sections showed the typical structure of the human BBB, a continuous layer of EC in close contact with astrocyte end feet extended from neighboring astrocytes ( Fig. 1 A-C, arrows). To examine this interaction, our laboratory developed an in vitro model of the human BBB (Hurwitz et al., 1993; Weiss et al., 1998; that resembles the in vivo features of the human BBB ( Fig. 1 D, E) , including the interaction of astrocyte end feet with the endothelial layer. This model is composed of human BMVECs, denatured collagen (representing the basement membrane), and human astrocytes cocultured on opposite sides of a filter with 3 m pores that enable end feet of astrocytes to interact with the opposite endothelial side of the filter (Fig.  1 D) . Cross sections of this BBB model stained with vWF and GFAP demonstrate that GFAP-positive astrocyte processes establish contact with the monolayer of vWF-positive endothelial cells ( Fig. 1 F-H , arrows) in a similar way as is seen in vivo (compare with Fig. 1 A-C) . After 3 d in coculture of BMVECs and astrocytes, astrocytes send processes (astrocyte end feet) through the filter pores as shown in Figure 1 , to establish contact with collagen and the endothelial layer, a typical feature of the human BBB . This interaction results in increased barrier differentiation and impermeability, as measured by impermeability to albumin conjugated to Evans blue dye.
HIV-infected astrocytes induce disruption of the BBB by a mechanism that is dependent on functional gap junction channels BBB disruption is one of the characteristic alterations described during the pathogenesis of neuroAIDS (Dallasta et al., 1999; Luabeya et al., 2000; Eugenin et al., 2006) . Thus, to examine whether HIV infection of human astrocytes alters the formation and stability of the BBB, we used uninfected or HIV-infected primary human astrocyte cultures to establish our BBB model described above. Our previous data indicated that only a few HIV-infected astrocytes (ϳ5%) within a culture with almost undetectable viral production can spread toxicity and cellular dysregulation to neighboring uninfected astrocytes by a gap junction-dependent mechanism (Eugenin and Berman, 2007) . We propose that these toxic signals generated in few HIV-infected astrocytes will alter astrocyte signaling compromising BBB integrity.
The use of uninfected human astrocytes to establish the BBB model resulted in impermeability to albumin conjugated to Evans blue dye ( Fig. 2 A, uninfected astrocytes), and no detectable endothelial apoptosis was detected by TUNEL staining (Fig. 2 B , uninfected astrocytes). When astrocyte cultures that were HIV infected for 24 h were used to establish the barrier, high permeability ( Fig. 2 A, HIV-infected astrocytes) and endothelial apoptosis were detected ( Fig. 2 B, HIV-infected astrocytes), despite the fact that only ϳ5% of the cells were infected using HIV-p24 immunofluorescence and undetectable viral replication was observed. To demonstrate that this effect was not due to any effect of cell-free virus, 2-200 pg/ml virus were added to the top or the bottom of the model. This is the amount of virus that was detected in astrocyte culture medium at 7-14 d after infection . D, Schematic of our in vitro model of the human BBB, composed of BMVECs grown on denatured collagen on the top of a polycarbonate membrane with 3 m pores, and human astrocytes cultured on the bottom side of the membrane. Astrocytes that are coupled by gap junctions send processes, termed astrocyte end feet, through the 3 m pores. E-H, Staining of a cross section of the BBB model (see phase picture; E) for GFAP (F ) or vWF (G) or the merge of both colors demonstrated that vWF staining is in the top of the insert and GFAP-positive astrocytes are on the bottom. Astrocytes send processes from the bottom of the insert to the top of the insert to establish contact with the BMVEC layer. Much of this GFAP staining is also detectable on the top of the insert (H; colocalization of both colors; yellow). Thus, our in vitro model of the human BBB recapitulates many of the astrocyte-endothelial interactions seen in vivo. This model will be used to examine the role of HIV-infected astrocytes in BBB integrity and astrocyte end feet signaling. Scale bar, 50 m. (Eugenin and Berman, 2007) . Additionally, as a control for soluble factors, we added supernatants of uninfected or HIV-infected astrocyte cultures. No changes in BBB permeability were detected (data not illustrated). Thus, soluble factors released by HIVinfected astrocyte cultures are not inducing BBB disruption. In addition, we previously demonstrated that HIV-infected astrocytes do not release TNF-␣, IL-1␤, or IL-6 (Eugenin and Berman, 2007) . Thus, these soluble factors are also not involved in BBB disruption. These data suggest that few infected astrocytes within BBB cocultures are inducing cellular activation and/or dysregulation resulting in BBB disruption.
We previously demonstrated that GJ channels play a key role in amplifying toxicity from HIV-infected astrocytes to surrounding uninfected cells (Eugenin and Berman, 2007) . Thus, we hypothesized that these few HIV-infected astrocytes in the BBB model spread toxic signals to uninfected neighboring astrocytes altering signaling of astrocyte end feet by a GJ-dependent mechanism resulting in BBB disruption. To address this, we blocked GJ using two GJ blockers, 18-␣-glycyrrhetinic acid (AGA) (32 M) or carbenoxolone (Car) (10 M). In cocultures established with HIV-infected astrocytes, the addition of the blockers each day (days 2 and 3) to the bottom chamber (astrocyte side) prevented the disruption of the BBB (Fig. 2 A) and endothelial apoptosis (Fig. 2 B) induced by HIV-infected astrocyte cultures. EDTA was used as a control for maximal BBB disruption (Fig. 2) . The addition of AGA or Car alone to the bottom of the BBB model for 24 h after seeding of the astrocytes resulted in no significant changes in permeability (Fig. 2 A) or endothelial apoptosis (Fig. 2 B) when uninfected astrocytes were used to form the BBB. Thus, both BBB disruption and endothelial apoptosis triggered by few HIVinfected astrocytes were dependent on GJ channels ( Fig. 2A, B) .
Astrocyte end feet are dysregulated by HIV infection of astrocytes, resulting in BBB disruption
Blood-brain barrier integrity is disrupted during the pathogenesis of neuroAIDS by mechanisms that include increased transmigration of HIV-infected monocytes, reduction in BBB tight junction protein expression, and apoptosis (Dallasta et al., 1999; Eugenin et al., 2006) . However, the exact signaling pathways that result in BBB disruption are not well understood. It has been described in other CNS diseases that alterations in physiological BBB signaling, especially in astrocytes, are one mechanism of BBB compromise (Simard and Nedergaard, 2004; Hawkins and Davis, 2005; Sofroniew and Vinters, 2010) . Astrocyte end feet are a key component of BBB signaling by transducing neuronal activity to the BBB to regulate the dilatory response of blood vessels to increased or decreased local blood flow, which helps support changes in neuronal activity (Simard et al., 2003; Zonta et al., 2003; Filosa et al., 2006; Takano et al., 2006; Iadecola and Nedergaard, 2007; Gordon et al., 2008; Girouard et al., 2010) . We propose that, during neuroAIDS pathogenesis, especially in areas in which HIV-infected astrocytes are present, the normal mechanisms that regulate vascular tone are altered, contributing to BBB disruption. To determine whether astrocytic end feet processes in contact with BMVECs are altered in BBB cocultures established with HIV-infected astrocytes compared with cocultures with uninfected cells, we evaluated the formation of these astrocyte end feet processes by confocal microscopy of the endothelial side of the BBB model.
Normally, uninfected astrocyte end feet processes are represented in the BMVEC layer of the BBB model as small GFAPpositive spots, corresponding to the astrocytic end feet in contact with the endothelium (Fig. 3, Uninfected Astr. ). The use of HIVinfected cultures of astrocytes to form the BBB model resulted in misguided astrocyte end processes and aberrant interaction with the endothelium (Fig. 3 , HIV-infected Astr.), as well as disruption of the monolayer of endothelial cells observed by discontinuous vWF staining (Fig. 3 , HIV-infected Astr.). These alterations in astrocyte end feet processes and BBB disruption were reduced by the addition of the GJ blockers, Car (10 M) or AGA (32 M) (data not shown). Addition of the blockers alone to the BBB model containing uninfected astrocytes did not affect astrocyte end feet processes (data not shown). Thus, the physiological interaction between astrocyte end feet and endothelial cells was altered by HIV infection of a few astrocytes by a mechanism that involves GJ channels.
HIV infection of astrocytes dysregulates astrocyte end feet signaling, resulting in BBB disruption
In vivo astrocyte end feet do not have direct contact with the BMVECs due to the presence of the basement membrane. Thus, we postulated that soluble systems of communication at the end feet of the astrocytes are required to amplify toxicity from few infected astrocytes in the bottom of the insert into the endothelial layer in the top of the inserts. To examine the mechanisms by which few HIV-infected astrocytes without active viral replication alter BBB integrity, we analyzed key signaling pathways concentrated in astrocyte end feet, normally involved in vascular tone regulation. This was done by measuring BBB permeability to albumin conjugated to Evans blue dye in our BBB model estab- . BBB disruption was evaluated by the permeability of the model to albumin conjugated to Evans blue dye, and endothelial apoptosis was evaluated by TUNEL. A, BBB models using uninfected astrocytes were totally impermeable to albumin conjugated to Evans blue dye. Gap junction blockers AGA or Car did not alter BBB integrity when uninfected astrocytes cultures were used to establish the model. The BBB established using HIV ADA -infected astrocyte cultures had disrupted integrity, despite no detectable infection of astrocyte cultures as assayed by p24 ELISA. Addition of gap junction blockers AGA (32 M) or Car (10 M) in the bottom chamber on the BBB model (astrocyte side) inhibited BBB disruption. EDTA added to the BBB model was used as a positive control for disruption (n ϭ 4; *p Յ 0.005 compared with control conditions using uninfected astrocytes; # p Յ 0.005 compared with the BBB model using HIV-infected astrocytes). B, Determination of endothelial apoptosis using TUNEL staining and confocal microscopy of control BBB cultures indicated no apoptosis. Gap junction blockers AGA or Car, used in treating control BBB cultures established with uninfected astrocytes, did not cause endothelial apoptosis. BBB models with HIV ADAinfected astrocyte cultures exhibit significantly increased endothelial apoptosis. Addition of GJ blockers AGA or Car (10 M) in the bottom chamber of the BBB model (astrocyte side) totally abolished endothelial apoptosis induced by few HIV-infected astrocytes (n ϭ 4; *p Յ 0.005 compared with control conditions; # p Յ 0.005 compared with BBB using HIV-infected astrocytes). (Marrelli et al., 1999; Harrington et al., 2007; Iadecola and Nedergaard, 2007) are important signaling pathways to control CNS vascular tone and blood supply. Thus, we examined these factors.
In BBB models containing uninfected cultures of astrocytes, the addition to the bottom of the BBB model (astrocyte side) of AA (1 or 10 M) or ATP (1 or 10 M), an active product that is metabolized by lipoxygenases, COX, and P450 monooxygenases and the endogenous ligand for ATP receptors, respectively, induced significant BBB disruption (*p ϭ 0.005) that was totally abolished by pretreatment with the GJ blocker, Car (Fig. 4 A, ϩCar) (10 M) ( # p Յ 0.03) or AGA (32 M; ϩAGA) (data not shown) compared with untreated barriers (Fig. 4 A, first bar) . The inhibition of 5-and 12-lipoxygeneases, COX, BK Ca channels, and purinergic receptors using baicalein (Bai), indomethacin (Indo), paxilline (Pax), or oxidized ATP (oATP), did not alter the impermeability of the barrier under control conditions (Fig. 4 A, BBB established with human uninfected astrocytes). In addition, treatment with AA diluent (Dil) (Tocrisolve) or Car (10 M) alone did not alter BBB integrity when uninfected astrocytes were used to established the cultures (Fig. 4 A) . As described above, the presence of HIV-infected astrocytes in the human BBB model resulted in disruption, despite low numbers of cells being infected and undetectable viral replication. This BBB disruption was not further increased by treatment with AA or ATP (Fig. 4 B) , two treatments that induced BBB disruption when uninfected cocultures were used (Fig. 4 A) . The addition of AA diluent alone did not change the already disrupted BBB integrity when HIVinfected astrocyte cultures were used to establish the model (Fig.  4 B) . Car treatment (10 M) alone was protective again BBB disruption when HIV-infected astrocytes were used to establish the model (Fig. 4 B) . Blocking 5-and 12-lipoxygeneases, COX, BK Ca channels, and purinergic receptors using baicalein (5 M), indomethacin (10 M), paxilline (1 M), or oATP (10 M), respectively, resulted in significant protection against BBB disruption in cocultures with HIV-infected astrocytes ( # p Ͻ 0.003). Nitric oxide signaling did not participate in the BBB disruption induced by HIV-infected astrocytes, as using donors of NO or blocking NO production with L-NAME did not alter BBB integrity (data not shown).
In BBB models containing HIV-infected cultures of astrocytes, BBB disruption induced by HIV infection of astrocytes and/or addition of AA or ATP is also astrocyte GJ dependent, because addition of carbenoxolone (10 M) (Fig. 4 A, B, ϩCar) or AGA (32 M) (data not shown) to the bottom of the model Figure 3 . Astrocyte end feet are dysregulated in the presence of HIV-infected astrocytes resulting in BBB disruption and permeability. Confocal microscopy was performed on the endothelial layer (vWF and EC marker; red staining) to observe the astrocyte end feet (GFAP, an astrocyte marker; green staining) in contact with the monolayer of endothelial cells. In control conditions, localized spots of astrocyte end feet were detected in contact with the monolayer of BMVECs. The use of HIV-infected astrocyte cultures in the BBB model resulted in random localization and aberrant formation of astrocyte end feet in contact with a disrupted BMVEC. The addition of the GJ blocker, carbenoxolone (10 M), to the bottom of the inserts (astrocyte side), resulted in mostly normal appearing astrocyte end feet processes in contact with the monolayer of BMVECs and protection against disruption of the BMVEC monolayer (n ϭ 3). Phase of the inserts shows the pores of the filters. Scale bar, 20 m.
(astrocyte side) was protective. Thus, the mechanisms of BBB disruption induced by HIV infection of astrocytes also involve dysregulation of key signaling pathways normally concentrated in astrocyte end feet and used to control vascular tone.
CNS cells in contact with SIV-infected astrocytes are apoptotic during the dynamic development of neuroAIDS
We examined SIV-infected astrocytes in vivo to determine whether SIV-infected astrocytes are in contact with apoptotic cells during the dynamic progression of neuroAIDS as demonstration that this toxic process occurs in vivo. To address these questions, we used a model of neuroAIDS, pigtail macaques infected with SIV. In this model, Ͼ90% of the animals develop SIV encephalitis within 3 months after inoculation with the virus (Clements et al., 2008) . We analyzed brain tissue sections from three uninfected and three SIV-infected macaques at each time point after inoculation, 4, 7, 21, 56, and 84 d after inoculation, to examine infected astrocytes and bystander killing. These sections were stained for DAPI (nuclei staining), GFAP (an astrocyte marker), SIV-p41 (a viral protein), and TUNEL (an indicator of cellular apoptosis), and analyzed by confocal microscopy with subsequent three-dimensional reconstruction. The quantification of SIV-infected astrocytes was performed using colocalization of SIV-p41 and GFAP staining resulting in 8.2 Ϯ 3.9% of the total GFAP-positive cells being infected in brain sections at 21 or 56 d after inoculation as quantified using an imaging software, NIS advance research (Nikon). Uninfected sections did not show any SIV-p41 staining (Fig. 5, row 1) . In SIV-infected sections, we observed that SIV-infected astrocytes (Fig. 5, row 2, arrows) , as in our in vitro model, were also in close contact with apoptotic brain endothelial cells (Fig. 5, row 2 , arrowheads) (56 d after infection close to the BBB). In the parenchyma, we also observed clusters of SIV-infected astrocytes in contact with uninfected neighboring apoptotic cells (Fig. 5, row 3 , arrowheads) (56 d after infection in the parenchymal cells). This pattern of cellular apoptosis was associated with the presence of a small percentage of SIV-infected astrocytes and was most evident at days 21 and 56 d after inoculation and correlated with the severity of the disease. No significant levels of apoptosis were detected in brain areas without infection of astrocytes (data not shown). We did not quantify apoptosis in the brain sections from 84 d after inoculation because inflammatory responses and tissue damage made it difficult to identify clearly SIV-infected astrocytes as well as the organization of the CNS parenchyma. As we described previously in vitro, HIVinfected cells are protected from apoptosis; however, uninfected cells surrounding clusters of infection undergo apoptosis (Eugenin and Berman, 2007) . We now demonstrate in vivo that SIV-infected clusters of astrocytes close to blood vessels or in the parenchyma are not apoptotic during the time points examined. Thus, SIV-infected astrocytes in vivo also appear to be protected from apoptosis. In addition, we stained brain sections obtained from uninfected and SIV infected (4 -84 d) for CD68 or isolectin-B4 (to identify cells of the monocyte/macrophage lineage), SIV-p41, and TUNEL, and no correlation between CD68 staining and cell-to-cell apoptosis was detected (data not shown), despite the fact that CD68 staining increased during the time course of the disease (mild disease) by 145 Ϯ 56%, indicating activation compared with that found in uninfected animals between 4 and 56 d after infection. At later time points, 84 d after infection, when there is most often severe encephalitic disease, it was not possible to establish a clear correlation between cell communication and apoptosis due to tissue disorganization and excessive inflammation. This increase in CD68 intensity correlated with an increase in the percentage of SIV-infected CD68-positive cells from 0% (in uninfected macaques) to 31 Ϯ 29% from 7 to 84 d after infection depending on the degree of encephalitis. However, despite the increase in percentage of SIV-infected cells, no correlation was found with cell-to-cell apoptosis. However, we cannot rule out their participation in inflammation. Thus, our data underscore that HIV infection of a small percentage of astrocytes, astrocyte dysregulation, and cell-to-cell contact are extremely important for cell death.
Discussion
In this report, we demonstrate that HIV infection of astrocyte cultures, despite low numbers of infected cells (4.7 Ϯ 2.8% in vitro and 8.2 Ϯ 3.9% in vivo using an SIV model) and undetectable viral replication, when used to establish a culture model of the human BBB, results in BBB disruption by a mechanism that involves EC apoptosis and alterations in astrocyte end feet formation and signaling. All of these effects are mediated by func- Figure 4 . Astrocyte end feet signaling participate in BBB disruption mediated by few HIV-infected astrocytes. We examined whether normal signaling pathways concentrated in astrocyte end feet that regulate blood flow are altered by HIV ADA infection of astrocytes. We determined whether activation or blocking pathways used to control blood flow in the brain altered BBB integrity of our tissue culture model using albumin conjugated to Evans blue dye to assay for permeability. A, BBB cultures established with BMVECs and uninfected human astrocytes were totally impermeable. The addition of AA or ATP to the bottom of the BBB cultures established using uninfected astrocytes induced partial BBB disruption. Blocking activation of lipoxygenase and cyclooxygenase with baicalein (Bai) and indomethacin (Indo) on the astrocyte side did not alter BBB permeability when uninfected astrocytes were using. Blocking conductance calcium-activated potassium channels (BK Ca ) with paxilline (Pax) in the bottom of the BBB model, astrocyte side, did not alter permeability. Blocking ATP purinergic receptors using oxidized ATP (oATP) did not alter permeability of the barrier when uninfected astrocytes were used for the barrier. The disruption of the BBB induced by AA and ATP was GJ dependent because carbenoxolone (ϩCar) abolished disruption (n ϭ 4; *p Յ 0.005 compared with control and # p Յ 0.003 compared with BBB inserts treated with AA or ATP). B, BBB cultures established using BMVECs and HIV-infected human astrocytes were highly permeable. The addition of AA, the diluent of AA (Tocrisolve), or ATP to the bottom of the BBB cultures did not change the already disrupted BBB. Blocking activation of lipoxygenase and cyclooxygenase using Bai and Indo on the astrocyte side was protective against BBB disruption induced by few infected astrocytes. Blocking BK Ca with Pax in the bottom of the BBB model was also protective. Blocking ATP purinergic receptors using oATP (10 M) was protective. This suggests the involvement of several signaling pathways in the BBB disruption induced by few HIV-infected astrocytes. The addition of carbenoxolone (ϩCar) to the bottom of the BBB cultures abolished BBB disruption induced by AA, ATP, or HIV-infected astrocytes (as shown in Fig. 2 ), indicating that gap junction channels play a key role in amplifying astrocyte end feet dysregulation resulting in BMVEC compromise and permeability (n ϭ 4; *p Ͻ 0.005 compared with control uninfected conditions; # p Ͻ 0.003 compared with permeable BBB cultures established using HIV-infected astrocyte cultures; & p Ͻ 0.005 compared with treatment of BBB cultures containing HIV-infected astrocytes, treated with AA or ATP).
tional GJ channels, because blocking these channels reduced the BBB disruption triggered by few infected astrocytes.
In vivo, microglial cells and perivascular macrophages are the predominant cell types productively infected by HIV-1 (Wiley et al., 1986) . However, HIV infection of astrocytes has also been reported in vivo and in vitro, characterized by low viral replication and few infected cells (Tontsch and Bauer, 1991; Conant et al., 1994; Saito et al., 1994; Tornatore et al., 1994a,b; Ranki et al., 1995; Ohagen et al., 1999; Eugenin and Berman, 2007) . HIV-1 mRNA and DNA have been detected in astrocytes within the adult and pediatric brains of individuals with AIDS (Wiley et al., 1986 (Wiley et al., , 1991 Tornatore et al., 1994b) , representing 1-3% of the total astrocytes (Nuovo et al., 1994; Bagasra et al., 1996; Takahashi et al., 1996) . Recently, with improved techniques, HIV DNA has been detected in up to 19% of astrocytes in human brain sections (Churchill et al., 2009) , suggesting that HIV-infected cells are active participants in the dysregulation of the CNS observed in HIV-infected individuals and serve as an important viral reservoir within the CNS. Our data using primary cultures of human astrocytes demonstrated that 4.7 Ϯ 2.8% of the cells are infected after virus exposure and using an animal model of accelerated neuroAIDS, SIV-infected macaques, we demonstrated that at least 8.2 Ϯ 3.9% of the astrocyte population are SIV infected during the time course of the disease (21-56 d after infection in the mild and severe encephalitic animals).
Our previous data indicated that HIV infection of human astrocytes resulted in bystander killing of uninfected neighboring astrocytes (Eugenin and Berman, 2007) and neurons (E. A. Eugenin and J. W. Berman, unpublished data) by a mechanism that involves functional gap junction channels to spread toxic signals (Eugenin and Berman, 2007) . In vivo, at the BBB, astrocytes almost completely cover the endothelial cells with their end foot processes separated by a basement membrane (Kacem et al., 1998) . Our understanding of the communication systems between astrocytes and BMVECs is increasing, especially the contribution of astrocyte end feet to BBB physiology (Abbott, 2002; Simard et al., 2003; Iadecola and Nedergaard, 2007; Girouard et al., 2010) . The potential effects of other cell types at the BBB, such as pericytes, smooth muscle cells, and perivascular macrophages that also participate in regulating BBB function in normal and pathological conditions, should be considered in future experiments (Rubin and Staddon, 1999) . In this study, we addressed Figure 5 . SIV-infected astrocytes are detected in vivo (8.2 Ϯ 3.9%) and are found in close proximity to apoptotic neighboring cells. SIV-infected astrocytes are not apoptotic. Confocal analyses and subsequent three-dimensional reconstructions were performed using tissue sections obtained from uninfected and mildly encephalitic macaques 21-84 d after SIV infection. Tissue was stained for nuclei (DAPI; blue), GFAP (astrocyte marker; red), TUNEL (apoptosis; green), and SIV-p41 (SIV; magenta). Uninfected tissue sections showed uniform astrocyte staining with extensive processes and no apoptosis and no staining for SIV-p41 protein. Staining of brain tissue sections obtained from 21 and 56 d after infection showed 8.2 Ϯ 3.9% infected astrocytes. Animals with mild encephalitis at 56 d after infection had significant infection of astrocytes (white arrows) and apoptosis in neighboring uninfected endothelial cells (yellow arrows, second row) and astrocytes (yellow arrows, third row). SIV-infected astrocytes did not apoptose. The white box in the merge pictures represents the area amplified in the last column to demonstrate colocalization of GFAP and SIV-p41 staining (arrows indicated SIV-infected astrocytes). In severe encephalitis (data not shown) due to the significant loss of parenchymal organization and extensive inflammation, it was not possible to assay reliably for SIV infection of astrocytes or apoptosis in neighboring cells. Scale bar, 40 m.
some of the basic mechanisms by which HIV infection of even small numbers of astrocytes alters BBB integrity and function.
Endothelial apoptosis in neuroAIDS has been detected (Shi et al., 1996; Ullrich et al., 2000; Huang et al., 2001; Acheampong et al., 2005; Yano et al., 2007) ; however, the mechanisms that contribute to this toxicity are not well understood. We demonstrated that endothelial compromise induced by few infected astrocytes is dependent on functional astrocytic gap junctions because blocking these channels resulted in BBB protection. Using uninfected or HIV-infected astrocyte cultures to establish the human BBB model, we demonstrated that only a few HIV-infected astrocytes are sufficient to cause a profound effect on BBB integrity and endothelial apoptosis. The BBB disruption induced by few HIV-infected astrocytes in these cultures altered the guidance and functions of astrocyte end feet close to BMVECs and was also gap junction dependent. Astrocytic end feet have specialized features that contribute to the regulation of water homeostasis, calcium signaling, and regulation of blood flow, suggesting that these structures play a key role in communicating or amplifying astrocytic signals into BMVECs, despite the presence of the basement membrane (Kim et al., 2006) . We identified particular signaling pathways, mainly concentrated in astrocyte end feet that contribute to BBB disruption. Under normal conditions, these pathways participate in control of vascular tone by an equilibrated production of both dilatory and constrictor agents (Paemeleire and Leybaert, 2000; Abbott, 2002; Simard et al., 2003; Zonta et al., 2003; Bogatcheva et al., 2005; Yakubu and Leffler, 2005; Kim et al., 2006; Iadecola and Nedergaard, 2007; Girouard et al., 2008) . Using our BBB model, we showed that activation or blocking the activation of pathways required for control of blood flow, in the astrocyte side of the model, resulted in no significant changes in BBB permeability when inhibition of lipoxygenase, COX, high-conductance Ca 2ϩ -activated K ϩ (BK Ca ) channels, and purinergic ATP receptors, in cocultures with uninfected astrocytes did not alter BBB permeability. Addition of AA or ATP to the astrocyte layer resulted in BBB disruption. Blocking these individual signaling pathways in cocultures with HIV-infected astrocytes resulted in protection against BBB disruption, suggesting that multiple signaling pathways contribute to the disruption induced by few infected astrocytes. In agreement with our previous data, GJ blockers, AGA or Car, completely abolished BBB disruption induced by HIV-infected cultures of astrocytes as well as by direct application of COX activation subproduct, AA, or direct activation of ATP receptors, ATP, to the BBB using uninfected astrocytes, suggesting that gap junctional signaling is required for amplification of BBB dysfunction in the context of HIV infection and inflammation in the CNS. During the pathogenesis of many CNS diseases, dysregulation of these signaling pathways has been described, but they had not been examined in the context of BBB disruption and/or HIV infection. Increased arachidonic acid release, adenosine/ATP, prostaglandins, increased K ϩ , and activation of BK Ca channels have been demonstrated to participate in control of blood flow within the CNS (Benarroch, 2005; Bogatcheva et al., 2005; Yakubu and Leffler, 2005; Kim et al., 2006; Girouard et al., 2010) . All these changes in signaling are triggered by excessive neuronal signaling, such as excitotoxicity, energy failure, ischemia, and neurodegeneration, all features characteristic of neuroAIDS. Thus, we propose that toxic signals generated in few HIV-infected astrocytes are spread by GJ to neighboring cells, and additionally to the astrocyte end feet, resulting in aberrant glial-vascular signaling resulting in BBB dysregulation and disruption. In addition to the bystander killing mediated by GJ, we cannot rule out the participation of Cx hemichannels, especially at the end feet of the astrocytes, because GJ blockers also block these hemichannels (Spray et al., 2006; Giaume and Theis, 2010; Hamilton and Attwell, 2010) . Thus, as techniques to block specifically GJ or hemichannels become available, these questions can be addressed.
To demonstrate the presence of infected astrocytes in vivo and the potential contribution of these infected cells to the amplification of toxicity to neighboring cells, we used an animal model of accelerated neuroAIDS, SIV-infected macaques. Using this model, we detected significant numbers of SIV-infected astrocytes, 8.2 Ϯ 3.9%, in close interaction with the endothelium as well as in the CNS parenchyma. These numbers are in agreement with those described for HIV-infected astrocytes in vivo and in vitro (Wiley et al., 1986 (Wiley et al., , 1991 Tontsch and Bauer, 1991; Conant et al., 1994; Nuovo et al., 1994; Saito et al., 1994; Tornatore et al., 1994a,b; Ranki et al., 1995; Bagasra et al., 1996; Takahashi et al., 1996; Ohagen et al., 1999; Eugenin and Berman, 2007; Churchill et al., 2009 ). In addition, as in our in vitro experiments (Eugenin and Berman, 2007) , we detected that SIV-infected astrocytes are not susceptible to apoptosis but that uninfected cells surrounding these clusters of infected cells apoptose extensively. Thus, our data in vivo indicate that, despite minimal SIV infection of astrocytes, significant changes in BBB integrity and apoptosis in parenchymal cells are observed. Our compelling data in vivo are strongly supported by our in vitro data that cell-to-cell killing is GJ dependent between HIV-infected and uninfected astrocytes.
We demonstrated that a few HIV-infected astrocytes trigger bystander cellular dysfunction and endothelial apoptosis, resulting in BBB compromise. Thus, despite the low number of HIVinfected astrocytes, considerable damage can be spread to uninfected cells by a gap junction-dependent mechanism. Our data suggest that astrocytes participate actively in the CNS dysfunction observed in HIV-infected individuals and that gap junction channels amplify toxicity and dysfunctional signaling to other areas of the brain. These data represent a novel mechanism in neuroAIDS and indicate potential new targets for therapeutic interventions to reduce the ongoing CNS effects of HIV and to eradicate CNS viral reservoirs.
